Simultaneous enzyme-based media can be used to identify both coliforms and E. coli faster than lactosebased fermentation protocols. However, these media can be prone to false-positive results and would require verification tests to confirm the presence of E. coli. These verification tests (e.g. indole or oxidase tests) work based on identifying specific phenotypic traits in bacteria, and hence are also prone to inaccuracies. This study aimed to achieve rapid verification test of E. coli using DNAzyme-based biosensor. The biosensor was first tested for four E. coli strains against more than 90 non-E. coli strains routinely causing false positive results and showed high specificity towards E. coli strains. The biosensor was then determined for its detection sensitivity. It was observed that a single E. coli colony would generate a robust fluorescence signal after 2 h of sub-culturing. With this short incubation time, non-E. coli strains were unable to generate any apparent fluorescence signal, hence further improving the detection specificity of biosensor. Lastly, we further demonstrate that the biosensor can be applied to different commercial brands of simultaneous enzyme-based agar to consistently identify the presence of E. coli. The biosensor was able to rapidly denote presence of discrete E. coli colonies by binding on to protein targets possibly of DNA replication or motility functions that were predominantly specific to E. coli. E. coli detection is an important parameter to monitor when defining water quality. Although enzyme-based agar media require a shorter time to denote if E. coli is present or not, false positive rates associated with these types of media result in unnecessary false alarms for both utility operators and the general public, and incur an additional operational burden for the utilities. We demonstrated that DNAzyme biosensor can be used as a rapid and accurate verification test for colonies growing on agar media. This tool would aid in effective decision-making process to better protect consumers.
Introduction
Determining the presence of Escherichia coli (E. coli) and total coliforms (TC) in drinking water and treated wastewaters is required to denote the water quality and efficiency of a treatment process. Conventional standard protocol determines TC first prior to fecal coliforms and then E. coli. 1, 2 To achieve a faster decision-making process, in recent years, simultaneous enzyme-based tests are widely used to monitor and enumerate both TC and E. coli simultaneously. 3, 4 Simultaneous enzyme-based methods (e.g.
Colilert or Colilert-18, MI, m-FC, Chromocult) are designed to detect beta-galactosidase and beta-glucuronidase, both of which are enzymes assumed to be uniquely associated with TC and E. coli, respectively. 5 However, beta-galactosidase and beta-glucuronidase can also be detected in other non-E. coli species that do not fall within the classification of TC (e.g. Aeromonas, Pseudomonas, Sphingomonas, and Flavobacterium). 2, [5] [6] [7] [8] Furthermore, cell viability on media agar can be affected by substances in water matrix that can inhibit the enzymes 2,9 and temperature variation. 10, 11 Therefore, simultaneous enzyme-based methods are susceptible to false positives or false negative results, with varying degrees of false positive rates for E. coli ranging from 0.9 to 37.5% reported. 2, 9, [12] [13] [14] [15] [16] Thus, verification tests such as cytochrome oxidase/indole detection, 17, 18 lactose fermentation, 19 and API 20E, 20 may be required to verify the identities of colonies growing on the media agar. However, these verification tests still rely on observations of correct phenotypic traits, and expression of these phenotypic traits can be biased depending on the state of bacterial growth and its growth conditions. [21] [22] [23] The overall time required for some of these verification tests can take up to 48 h, depending on the test type. For instance, indole and cytochrome oxidase tests are quick (less than few minutes) but may not be reliable since both tests can be influenced by dye-containing media. Specifically, dye carried over within the colonies may interfere with the indole color interpretation 24 and in the assessment of cytochrome results. 25 On the other hand, lactose fermentation test could be reliable but requires more than 48 h to derive the confirmatory results. Inaccuracy and time-consuming verification tests therefore hinder decision-making process necessary to ensure water quality and protect public health.
To overcome the limitations of the above mentioned simultaneous enzyme-based methods, an alternative rapid and accurate verification test is required. To achieve the goal, we propose the use of DNAzyme biosensors to verify the presence of E. coli among colonies obtained from simultaneous enzyme-based media agar. DNAzymes are short single-stranded DNA sequences which can fold into complex tertiary structures to achieve an enzymatic activity. 26, 27 This activity typically requires the presence of a specific target that acts as a cofactor for proper folding and/or enzymatic reactions. Based on the target, DNAzyme can come in two formats, namely, cis-acting DNAzyme, where the enzyme and substrate strands are linked together through a DNA hairpin, or the trans-acting DNAzyme, where the enzyme and substrate strands are hybridized as individual entities prior to reaction. 28 As a result, the enzymatic activity can be used as a basis for signaling output for the cofactor. As the DNAzyme can be easily modified by different signaling agents, such as fluorophores and quencher, many fluorescent sensors have been developed successfully. [29] [30] [31] Briefly, in the presence of its intended target, specific binding between the target and enzyme strand would cleave the substrate strand, allowing the fluorophore to dissociate from the quencher and generating a turn-on fluorescent signal.
Recently, DNAzymes specific for bacteria target have been developed. [32] [33] [34] [35] Particularly, Li′s group has developed an E. coli-specific DNAzyme. 32 Earlier studies have also designed various biosensors based on this DNAzyme to detect E. coli, and tested for its specificity against other non-E. coli bacteria, for example, Pseudomonas peli, Pediococcus acidilactici, Bacillus subtilis, Yersinia rukeri. 28, 32, 36 However, most of these tested non-E. coli strains were not the ones generating false positives in drinking water utilities. 4 Therefore, further studies are needed to test for selectivity of this DNAzyme toward those false-positive isolates recovered by water utilities. This is to ensure the suitability of this DNAzyme biosensor in water quality monitoring. Furthermore, most of the developed DNAzymes were tested for their specificities against E. coli using protocols that involved >7 h incubation to allow propagation till cell density of approximately 1 in terms of OD 600 nm . 28, 32, 33 This does not provide competitive edge over other existing verification tests, and DNAzymes should be improved by shortening the time needed to provide verification results. To address these issues, we herein report investigation of the specificity of E. coli DNAzyme sensor against other non-E. coli TC species that were isolated from different water utilities across the U.S., 4 as well as improving the detection sensitivity of DNAzymes by determining the lowest E. coli cell density required to differentiate between target and non-targets. In addition, the nature of the target molecule bound to the E. coli biosensor was further elucidated. These results will facilitate the use of the E. coli biosensor platform as a verification step to improve the accuracy and speed of current simultaneous enzyme-based methods for detecting E. coli.
Materials and methods
2.1. Bacterial strains E. coli and total coliforms were acquired from nine water utilities and laboratories participating in an earlier study. 4 The list of bacterial strains tested in this study is provided in Table S1 . † To extract the crude intracellular material (CIM), each bacteria was first streaked on LB agar, and incubated for 24 h at 37°C. Then, a single colony of around 1 mm in diameter was picked from the LB plate and inoculated in 7 mL SOB broth (Hanahan's broth) and incubated for 16 h at 37°C to reach an OD 600 ≈ 1 (OD 600 = optical density at 600 nm). 1 mL of the culture broth was then transferred into 2 mL tube, centrifuged for 2 min at 9400g to collect the pellet. The pellet was re-suspended in 1 mL 1× testing buffer (1× testing buffer: 50 mM HEPES, 150 mM NaCl, 15 mM MgCl 2 , pH 7.5). The pellet suspension was heated at 65°C to lyse the bacterial cells. After 30 min, the suspension was centrifuged for 2 min at 9400g, and the supernatant was collected to constitute the CIM of that particular bacterium.
E. coli DNAzyme probes
trans-Acting E. coli DNAzyme probe consists of two oligonucleotides, namely, FS1 that is functionalized with fluorophore and quencher (5′-ACT CTT CCT AGC/iFluorT/rA/ iDabdT/GGT TCG ATC AAG A-3′), and EC1T (5′-GAT GTG CGT TGT CGA GAC CTG CGA CCG GAA CAC TAC ACT GTG TGG GGA TGG ATT TCT TTA CAG TTG TGT G-3′). In the presence of CIM from the target bacterium, binding between target and EC1T results in catalytic activity that would cleave FS1. Then, the fluorophore and quencher will dissociate to generate a turn-on fluorescent signal, due to a change in the melting temperature after the cleavage. The increase in fluorescence intensity with time correlates with the extent of hybridization. Both oligonucleotides were synthesized by Integrated DNA Technologies (Coralville, IA). 50 μL of E. coli liquid sensor was prepared by mixing 2.5 μL of E. coli FS1 (5 μM), 5 μL of E. coli EC1T (10 μM), 5 μL of 10× testing buffer, and 37.5 μL of sterile water. 1× testing buffer comprised of 50 mM HEPES, 150 mM NaCl, 15 mM MgCl 2 , adjusted to pH 7.5. Next, the liquid sensor was annealed at 70°C for 5 minutes and then placed at room temperature before use within 30 min. The specificity of the E. coli DNAzyme in the presence of E. coli CIM and total coliforms CIM was investigated by following the incremental slope rate of the fluorescence signal intensity for 5 minutes. SpectraMax M3 microplate reader was used to record the florescence signal at excitation 485 nm and emission 538 nm. The measurement was done by mixing 200 μL CIM with 2 μL E. coli DNAzyme, and the florescence kinetics exhibited during the first 5 min of reaction was measured.
Determination of fluorescence slope rates with bacterial growth
The slope of the florescence response of E. coli DNAzyme against E. coli and non-E. coli CIM extracted during growth was investigated in triplicates. One colony of E. coli (OH 11 and OH 18) and non-E. coli coliforms, namely Klebsiella (EPA 193), Morganella (MA-35-Ready-2), and Serratia (EPA 74) was individually sub-cultured in SOB broth and incubated at 37°C
. Each colonies picked are of approximately 1 mm in diameter. The OD 600 was measured at different time points during the bacterial growth. In parallel, 1 mL samples was collected for CIM extraction as described in section 2.1, and hybridized to liquid sensor as described in section 2.2 to evaluate the fluorescence slope rates.
Verification of simultaneous enzymatic base media method with E. coli liquid sensor
Three types of simultaneous enzymatic media were used to enumerate total and fecal coliforms. The media includes Chromocult (Millipore, Billerica, US), m-FC (Sigma Aldrich, Darmstadt, Germany), and MI (Thermo Fisher Scientific, Suwanee, US) media. Two types of samples were used against the simultaneous enzymatic base media. The first was PBS buffer spiked with known bacteria. To prepare a spiked PBS mixture of known bacterial cells, 1× phosphate buffer saline (PBS buffer) was prepared in sterile 400 mL glass bottle and then spiked with approximately 10 2 E. coli (OH 1) cells. In other separate bottles, 1× PBS was spiked with E. coli and one of the non-E. coli coliforms, namely Klebsiella (EPA 193), Morganella (MA-35-Ready-2) or Serratia (EPA 74) in equal cell densities as that of E. coli. 100 mL of each spiked mixture was filtered through 0.45 μm filter, and the filters were placed on three simultaneous enzyme-based media tested in this study. The media with the respective filters were incubated at temperatures recommended by manufacturers for 24 h ( Table 1 ). The second type of water to be tested against the media was post-MBR effluent collected from KAUST wastewater treatment plant. The effluent was also filtered through 0.45 μm filter and placed on individual media to enumerate coliform numbers. The simultaneous enzyme-based media generates colonies that differed in phenotypic traits depending on whether the colony is derived from E. coli or from other total coliforms (Table 1) . After incubation, single colonies, each of approximately 1 mm in diameter, were picked based on their different phenotypic traits and sub-cultured in 200 μL SOB broth in 96-well plate before CIM extraction. After 2 h incubation at 37°C, CIM was obtained directly on the 96-well plate by first centrifuging plate at 1000g for 20 min, and ca. 180 μL of supernatant from each individual well was transferred to a corresponding well in a clean 96-well plate. The CIM was tested against the E. coli DNAzyme using procedure as described in section 2.2.
Identification of target molecule
2.5.1 Characterization of organic fraction and functional groups. 20 mL of E. coli CIM (OH18) was prepared as described in section 2.1. Five mL of the E. coli CIM was injected in LC-OCD (liquid chromatography-organic carbon detector) (Model 8, DOC LABOR, Germany) to evaluate the nature of the organic fraction present in E. coli CIM. LC-OCD is equipped with a macro-porous silica separation column, an organic carbon detector (OCD), a UV 254 nm detector (UVD) and an organic nitrogen detector (OND). Attenuated total reflectance -Fourier transform infrared spectroscopy (ATR-FTIR) (PerkinElmer, Waltham, U.S.A) was also used to identify the functional groups. To do so, 1× testing buffer in CIM was first removed by using 3.5 kDa dialysis bag against MilliQ water. Then E. coli CIM was lyophilized, and the lyophilized CIM was placed on the ATR crystal. The spectra was measured covering a range of wavelength from 400 cm −1 to 4000 cm −1 .
2.5.2 Verification of target molecule as protein. Initial characterization of the E. coli CIM showed high concentrations of protein. It was inferred that the E. coli DNAzyme developed in this study were most likely bound on to a protein target, which was in line with a previous study with similar finding. 32 Therefore, the same assay approach in the following study 32 was applied to confirm our finding. To further address this, two E. coli CIM aliquots of 1 mL (OH 11 and OH 18) were treated with Table 1 Colony phenotype of E. coli and total coliform bacteria grown on simultaneous enzyme-based medium. When exposed to UV, a positive or negative fluorescence can be observed depending on the bacterial type trypsin and proteinase K prior to fluorescence intensity slope measurement. 20 μL of proteinase K was added to E. coli CIM (OH 11 and OH 18) and incubated for 1 h at 56°C
. Similarly, E. coli CIM was treated with 20 μL of trypsin and incubated for 2 h at 37°C. In addition, non-treated E. coli CIM was also tested with E. coli DNAzyme as a positive control. In addition, five portions of CIM aliquots from OH 11 and OH18 were individually passed through centrifugal columns with a molecular weight cut-off of 3 kDa, 10 kDa, 30 kDa, 50 kDa and 100 kDa. The samples were centrifuged for 20 min at 6900g. All treated CIM obtained were determined for their fluorescence intensity slope as described in section 2.2.
2.5.3 Identify the target protein by silica based membrane followed by LC-MS/MS. 20 μL of E. coli DNAzyme solution was mixed with 2 mL E. coli CIM (OH 11 and OH 18) and incubated at room temperature for 10 min. The mixed solution was transferred to silica based membrane mini spin column (QIAGEN, Hilden, Germany) and incubated for 2 min then centrifuged at 9400g for 1 minute. The E. coli DNAzyme/E. coli CIM complex that was bound to the silica membrane was washed by adding 100 μL washing solution 1 (QIAGEN, Hilden, Germany), centrifuged for 1 minutes (9400g) twice. This procedure was then repeated twice with 100 μL of 100 mM NaCl. The complex was finally eluted with 50 μL elution buffer, and then with a total of 150 μL nuclease-free water, dispensed over three times of 50 μL each. The presence of proteins in the eluted solution was confirmed by measuring the concentration with Qubit® Protein Assay Kit. The same experiment was applied on individual solutions of E. coli DNAzyme and E. coli CIM as a control. Proteins were only detected in the final elution of mixed solution of E. coli CIM/E. coli DNAzyme sensor. Protocol to facilitate protein identification with LC-MS/MS is detailed in ESI 1. †
Results and discussion

Specificity of E. coli DNAzyme sensor
To investigate the specificity of the E. coli DNAzyme sensor, four different E. coli strains and about 90 non-E. coli strains were tested as described in section 2.2. Fig. 1 shows the fluorescence increment slopes in response to the different strains studied. The slopes ranging from 0.7 to 1.6 min −1 were observed for the tested E. coli strains, and the average of these slope values was 55 times higher than those observed for the other non-E. coli bacteria. Even though some non-E. coli bacteria, such as Citrobacter, Klebsiella, Morganella, and Plesiomonas, showed relatively high slope values ranging from 0.2 to 0.6 min −1 , these slopes were still lower than those generated by E. coli strains, allowing clear discrimination between E. coli strains and non-E. coli strains. The E. coli DNAzyme sensor showed high specificity to four different target strains of E. coli CIM (OH 1, 3, 11, and 18) but not to other non-target bacteria. Some of the non-E. coli bacteria generated negative slopes, indicating a decrease in fluorescence signal with time ( Fig. 1) . The exact reasons to account for this observation are not known. However, we postulate that in the presence of some non-target bacteria samples, there may be a potential non-specific quenching of the fluorophores by elements known to quench the fluorophore, such as iron and copper in those samples.
Detection sensitivity of the E. coli DNAzyme sensor
The detection sensitivity of the E. coli DNAzyme sensor was investigated in order to determine the minimum cell density required to distinguish between E. coli and non E. coli strains. The minimal time required to grow the strains for specific detection was also evaluated. For this, the fluorescence signal of the E. coli sensor against E. coli and non-E. coli CIM extracted at different points during the bacterial growth was evaluated. A positive correlation between the slopes of fluorescence increase and OD 600 nm values for both E. coli OH11 and OH 18 was observed ( Fig. 2A and B) . The slope values for E. coli OH11 and OH18 plateau at ca. 3 to 4 h of exponential growth. In contrast, no positive correlation between slope and OD 600 nm values were observed for Serratia MA-35-ready-2, Morganella EPA 74 and Klebsiella EPA 193. The highest observed slope values were 0.07 ± 0.15, 0.09 ± 0.01, and 0.21 ± 0.01 for Serratia, Morganella, and Klebsiella, respectively. The average slope values for E. coli OH11 and OH18 were therefore ca. 10 times higher than that observed for the other non-E. coli bacteria after 2 h incubation, suggesting that an improved differentiation can be obtained by applying CIM obtained during early exponential growth to E. coli liquid sensor. Furthermore, 2 h of incubation from a starting colony of 1 mm in diameter was enough to obtain a sufficient fluorescence slope response of E. coli CIM (0.69 ± 0.04, and 0.82 ± 0.33 for OH11 and OH18, respectively), where the OD was ≈0.4 (equivalent to 10 4 -10 5 cells per mL). Therefore, besides demonstrating high specificity towards E. coli, the developed DNAzyme biosensor also shows high detection sensitivity as it was able to detect the E. coli targets against the non-targets within a short incubation time of 2 h. Based on the growth curve of E. coli ( Fig. 2A and B) , this result suggests that the biosensor requires minimal cell number of 10 4 -10 5 E. coli cells per mL to result in a significant fluorescence slope increase. In this study, the required cell density was obtained from CIM extraction, and was comparable to that reported by earlier studies. 28, 32, 37 Overall, our developed DNAzyme biosensor was able to differentiate discrete targets against non-targets within 2 h, suggesting that it can be used as a verification method for simultaneous enzyme test by providing results in a faster manner than conventional verification tests.
Coupling the DNAzyme sensors for verification of colonies on simultaneous enzymatic media
Both E. coli OH1 and non-E. coli strains spiked into the buffer matrix displayed the correct phenotypic traits when grown on Chromocult, m-FC, and MI simultaneous enzyme media. Individual colonies were picked and further incubated for 2 h to obtain their respective CIM. As demonstrated in Fig. 3A , E. coli OH 1 colonies can be clearly differentiated from the other non-E. coli strains based on the fluorescence intensity slope values.
When wastewater effluent was filtered and placed on Chromocult and MI, interference effect of the wastewater effluent resulted in some difficulties differentiating between E. coli and non-E. coli colonies using both simultaneousenzymatic media. Although there were colonies that showed the distinct phenotypic color representative of E. coli, there were also other colonies that displayed atypical phenotypic traits and would require further verification. Thus, the E. coli DNAzyme sensor was tested against individual colonies and was again able to distinguish between the E. coli and non-E. coli colonies based on fluorescence intensity slope value ( Fig. 3B and C) . The specificity of the liquid sensor towards E. coli was not altered by the type of simultaneous enzymebased medium used or the complex matrix of the water samples (e.g., effluent wastewater). The conventional verification methods (e.g. oxidase and indole test) are particularly vulnerable to compounds like glucose, tryptophan or indicator dyes that could cause aberrant results, 38 and would hence require sub-culturing on non-selective media in order to accurately denote the correct phenotypic traits. In contrast, our findings suggest that the DNAzyme biosensors were not subjected to the same limitations. The DNAzyme biosensor was able to correctly discern E. coli despite being grown on different brands of commercially available simultaneous enzymatic media ( Fig. 3) , including colored media like m-FC and MI agar. This result indicates that the dyes and the fluorescence compounds (which originated from chromogens or fluorogen) formed in individual colonies during bacteria growth on enzymatic media, do not interfere with the fluorescence signal of the DNAzyme biosensor ( Fig. 3) . Therefore, the identification of E. coli with the DNAzyme biosensor is not affected by the different media composition and complexity of different water matrix like treated wastewater. Our observations are in agreement with earlier studies demonstrating the ability of DNA-based biosensor to identify its intended target present in a range of complex samples, e.g., apple juice, milk, and blood serums. 36, 39 3.4. Molecular nature of target hybridized to DNAzyme sensor E. coli CIM consists of organic fractions that showed variation in molecular weights as observed from LC-OCD profile (Fig. 4A ). Those organic fractions showed high nitrogen signal response, which is an indicator of the presence of proteins. Specifically, these organic fractions are functionalized with amide-A (3294 cm −1 ), amide-B (3090 cm −1 ), amide-I (1650 cm −1 ), amide-II (1555 cm −1 ), and amide-III (1410 cm −1 ) groups (Fig. 4B) , further indicating the presence of proteins. 40 These observations were in agreement with the study that conducted by Ali et al. 2011 with E. coli DNAzyme sensor, in which they reported on the proteinaceous nature of the target molecule. 32 To further verify that the target of E. coli DNAzyme sensors was protein, E. coli CIM from OH11 and OH18 strains were individually treated with enzymes (trypsin and proteinase K) prior to mixing with liquid sensor. Negligible fluorescence response was detected after treatment with both enzymes compared to the non-treated E. coli CIM control ( Fig. 5 ). Furthermore, the estimated molecular weight of the target proteins in OH 11 and OH 18 CIM is >30 kDa (Fig. 5 ), typical of the protein molecular weight.
Identities of the protein targets
A total of 44 and 61 different proteins were identified by LC-MS/MS to be present in E. coli OH11 and OH18 CIM, respectively. Tables S2 and S3 † list the ubiquitous proteins found in both OH11 and OH18 with their corresponding peptide sequences, suggesting that these are the possible proteins candidate that consistently bind onto the DNAzyme biosensor. These target proteins can be classified into two categories. First, proteins that interact with nucleic acids (e.g. P0A8T7, P46889, P06612, P0AES4, P0A7Z4, P36659, and P46850). DNAzyme probe is a single-stranded DNA that binds to protein/proteins molecule for activation. Hence the target protein is inferred to mimic the feature of interacting with DNA molecule. 33 Second, protein associated with flagellum functions (P04949). High score value of these proteins was observed when analyzing the LC-MS/MS data with DNAzyme/ OH11 and DNAzyme/OH18 complex, respectively (Tables S2  and S3 †), suggesting their high predominance in the sample. A further analysis was made on those pulled down protein sequences of relatively longer length by matching for their identities against protein databases (Table S4 †) . Although most of the pulled-down protein sequence identified by LC-MS/MS showed high similarity with that present in E. coli (e.g. P04949, P0AE4S4, P0A6Y8, P36659, P75937, P33235), two proteins (e.g. P0A8T7, P06612, P0A7Z4) demonstrated a reasonably high similarity percentage to other non-targets like Klebsiella spp., Enterobacter spp., Citrobacter spp. and Pseudomonas spp. (Table S4 †), suggesting that a small portion of the proteins that bound on to the DNAzyme biosensor may originate from non-targets like Klebsiella spp., Enterobacter spp., Citrobacter spp. and Pseudomonas spp. (Table S4 †) .
Since fluorescence slope increment arising from interaction between DNAzyme biosensor and Klebsiella, Enterobacter, Citrobacter and Pseudomonas spp. were lower than that observed in E. coli (Fig. 1) , these results suggest a likewise poor binding efficiency between these non-target proteins with the DNAzyme biosensor. However, this nonspecific binding might create an interference effect that would not allow a conclusive identification of E. coli based on fluorescence slope increment when the target and nontarget bacteria are present together in a mixed culture form. Since the non-targets would be reversibly bound to the biosensor on an intermittent basis to generate a slope value, it might be difficult to confidently denote which slope values would benchmark to a definitive presence of E. coli and not to the presence of non-targets in a mixed culture. Hence, the DNAzyme biosensor in its current form would only suffice as a verification tool to differentiate discrete colonies, and would require further development to ensure 100% specificity to only E. coli if it is to be developed into a tool for mixed culture identification.
Conclusions
In this study, we adapted a DNAzyme-based biosensor that was able to rapid identify discrete E. coli colonies and differentiate them against non-E. coli colonies reported to cause false positives in other tests using simultaneous enzyme-based agar media. The DNAzyme biosensor demonstrates a high detection sensitivity and requires 2 h of cultivation from a single colony (of about 1 mm in diameter) to obtain sufficient cell numbers that generate a robust fluorescence signal. When demonstrated on different types of commercially available simultaneous enzyme-based agar, the DNAzyme-based biosensor was not subjected to any interference effect arising from colorants, media composition or water matrices. Our findings suggest the E. coli DNAzyme biosensor remains competitive to serve as a rapid and specific verification test to be complemented with the use of simultaneous enzyme media. The current regulatory process require laboratories to report suspected E. coli colonies grown on agar plate as positive. We envision the use of this biosensor as a verification step for E. coli first, prior to reporting their data. Specifically, regular sampling to denote for the presence of total coliforms and E. coli using simultaneous enzyme media can still proceed according to the standard protocol. Single colonies observed on the agar can then be isolated for 2 h sub-culturing in SOB medium before lysing for the intracellular matrix and reacting with the biosensor for fluorescence measurement. False positive rates associated with simultaneous enzyme-based agar results in unnecessary false alarms for both utility operators and public, and incur an additional operational burden for utilities. By providing a rapid and specific verification test result, we believe that this DNAzyme biosensor would aid in effective decision-making process to protect general public. Fig. 5 Fluorescence slope values of DNAzyme biosensors after interacting with different treated forms of intracellular matrix from E. coli OH11 and OH18. The different treatments include trypsin and proteinase K treatment to remove proteins, and through filters with different molecular weight cut-off. Control denotes intracellular matrix from E. coli OH11 and OH18 that were not subjected to any of the stated treatment.
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